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1.  Introduction 


An  analytical  solution  for  the  intrinsic  impedance  of  a  material  has  been 
found,  given  the  transmitted  and  reflected  transverse  electromagnetic 
(TEM)  wave,  for  the  classical  three-region  problem.  This  problem  is  illus¬ 
trated  in  figure  1,  where  regions  one  and  three  are  air,  and  region  two  is  the 
material  under  test. 

Equations  (1)  and  (2)  are  the  well-known  solutions  for  the  transmitted  and 
reflected  TEM  waves. 
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where  d  =  region  length  and  k  =  wave  number.  Mathematica™  was  used  to 
solve  these  equations  in  terms  of  the  intrinsic  impedance  of  the  material  rij; 
regions  one  and  three  have  the  same  intrinsic  impedance  Tig.  This  solution 
is  unique  [1,2]  in  that  it  is  not  a  numerical  solution  nor  does  it  neglect  re¬ 
flections  from  the  interface  of  region  2  with  region  3.  The  solution  can  be 
used  along  with  coaxial  vector  network  analyzer  measurements  to  provide 
a  simple  way  of  determining  the  intrinsic  impedance  and  permittivity  of 
nonmagnetic  materials.  The  technique  described  in  this  paper  is  comple¬ 
mentary  to  cavity  methods:  it  is  best  suited  for  lossy  materials  over  large 


Figure  1.  Classical 
three-region 
problem:  regions  one 
and  three  are  air,  and 
region  two  is  the 
material  under  test. 
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frequency  ranges,  whereas  cavity  techniques  are  better  suited  for  measur¬ 
ing  low-loss  materials  at  single  frequencies. 


2.  Calculations 

Solving  equation  (2)  for  k  results  in 


k 
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Substituting  k  from  equation  (3)  into  equation  (1)  gives  S2J  (eq  (4))  as  a 
function  of  t|q,  and  TI2: 
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Now,  solving  equation  (4)  for  TI2  and  letting  =  376.789  Q  for  air  results  in 
equation  (5),  which  expresses  the  intrinsic  impedance  of  the  material  in 
terms  of  the  scattering  parameters  and  S21: 

n  _  376.789  V-1-2S„-Sfi  +  S|i 
\/“l  +  S21 

and  S21  in  equation  (5)  are  in  terms  of  voltage  and  are  complex  num¬ 
bers.  The  dielectric  constant  and  loss  tangent  can  then  be  calculated  from 
the  intrinsic  impedance,  if  the  material  is  nonmagnetic.  The  intrinsic  im¬ 
pedance  q  equals  (z/y)^/^,  where  y  =  we"  -1-  /coe',  and  z  =  oop"  +  [3].  If  we 

let  p"  =  0  for  no  magnetic  losses  and  solve  for  the  complex  permittivity  e,  in 
terms  of  permeability  (p')  and  q,  we  get 

e'-;e"  =  p7q,  (6) 

where  the  relative  dielectric  constant,  8^,  is  e' /e^,  and  the  loss  tangent,  tan  6, 
is  e'7 e'  [3].  A  program  was  written  using  PV-wave^”^  that  solves  for  e'  and  e" 
as  a  function  of  frequency,  using  equation  (5)  to  determine  the  intrinsic  im¬ 
pedance  and  equation  (6),  with  p'  =  471  x  10“^  H/m  (free  space  Pq),  to  deter¬ 
mine  permittivity,  given  measured  S-parameters  as  a  function  of  frequency 


3.  Limitations 

When  tan  5  is  at  or  below  about  0.1,  there  are  errors  at  frequencies  where 
the  material  sample  is  an  integer  multiple  of  a  half  wavelength  because  the 
magnitude  of  Sjj  is  such  a  small  number.  But  these  errors  are  easily  recog¬ 
nized  as  stray  points  at  integer  multiples  of  a  half  wavelength.  When  tan  5 
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is  at  or  below  about  0.01,  the  imaginary  part  of  permittivity  z"  tends  to 
have  large  error  simply  because  the  numbers  are  so  small.  Also,  the  phase 
of  Sjj  cannot  be  accurately  measured  for  small  magnitudes  of  therefore, 
if  accurate  results  are  desired  for  the  imaginary  part  of  the  permittivity, 
the  use  of  the  equations  will  be  limited  to  lossy  dielectric  materials 
(tan  5  >  0.1). 


4.  Experimental  Results 

The  National  Institute  of  Standards  and  Technology  (NIST)  supplied  S- 
parameter  measurements  for  two  dielectric  material  samples,  cross-linked 
polystyrene  and  nylon.  A  7-mm-diameter,  10-cm-long  air  line  coaxial  fix¬ 
ture  was  used  to  make  the  measurements.  The  cross-linked  polystyrene 
and  nylon  were  55  and  15  mm  long,  respectively.  The  samples  were  placed 
in  the  air  line  such  that  the  sample  was  flush  with  the  port  1  side  of  the  co¬ 
axial  air  line,  and  S-parameter  measurements  were  made  on  a  vector  net¬ 
work  analyzer  from  10  MHz  to  1  GHz.  The  relative  permittivities — e/  and 
z",  of  cross-linked  polystyrene  and  nylon,  respectively — were  calculated 
with  the  use  of  the  program  described  above,  but  with  corrections  for  the 
phase  of  Sjj  because  the  material  samples  were  shorter  than  the  air  line. 
Corrections  were  also  used  to  account  for  the  small  air  gaps  between  the 
center  conductor  and  the  material  and  the  outer  conductor  and  the  mate¬ 
rial  [4].  The  results  compare  with  results  given  by  NIST,  which  used  its 
EPSMU  software  [4],  with  relatively  good  agreement,  despite  the  low  tan  5 
(<0.1)  of  both  nylon  and  cross-linked  polystyrene  (see  fig.  2  and  3). 
The  curve  in  the  data  near  10  MHz  is  attributed  to  the  accuracy  of  the 
S-parameter  measurements  at  these  low  frequencies.  * 


Figure  2.  Comparison 
of  ARL's  calculations 
and  NIST's  EPSMU 
software:  (a)  e/ 
plotted  as  a  function 
of  frequency  for 
nylon. 
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*Discussion  with  M.  Janezic  of  National  Institute  of  Standards  and  Technology,  April  1995. 
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Figure  3.  Comparison 
of  ARL's  calculations 
and  NIST's  EPSMU 
software:  (a)  8/  and 
(b)  8/'  plotted  as  a 
function  of  frequency 
for  crosslinked 
polystyrene. 
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5.  Discussion  and  Conclusions 

Using  equation  (5),  the  intrinsic  impedance  of  a  material  (including  mag¬ 
netic  materials)  can  be  calculated  from  S-parameter  measurements  of  a 
simple  coaxial  test  fixture  containing  the  material.  The  complex  permittiv¬ 
ity  can  be  calculated  from  the  intrinsic  impedance  using  equation  (6)  if  the 
material  is  nonmagnetic.  The  technique  is  intended  to  provide  a  simple 
way  to  determine  the  intrinsic  impedance  and/ or  the  permittivity  of  non¬ 
magnetic  materials.  The  equations  can  be  solved  on  a  scientific  calculator 
or,  preferably,  by  a  simple  program.  If  accurate  results  are  desired  for  the 
loss-tangent,  then  the  measurement  technique  is  limited  to  lossy  dielec¬ 
trics.  One  should  keep  in  mind  that  the  measurement  is  related  to  the 
physics  of  the  S-parameter  measurements.  At  frequencies  where  the  mate¬ 
rial  sample  is  an  integer  multiple  of  a  half  wavelength,  there  are  larger  er¬ 
rors,  especially  if  it  is  a  low-loss  material.  These  errors  result  because,  at 
these  frequencies,  the  magnitude  Sj^  tends  to  be  a  very  small  number;  also, 
phase  error  in  the  network  analyzer  measurement  increases  as  the  magni¬ 
tude  of  the  signal  decreases.  The  materials  measurement  is  only  as  good  as 
the  S-parameter  measurements. 

References 

1.  A.  Nicolson,  "Measurement  of  the  Intrinsic  Properties  of  Materials  by 
Time-Domain  Techniques,"  IEEE  Trans.  Inst.  Meas.  19,  No.  4,  November 
1970,  pp  377-382. 

2.  Ching-Lieh  Li  and  Kun-Mu  Chen,  "Determination  of  Electromagnetic 
Properties  of  Materials  Using  Flanged  Open-Ended  Coaxial  Probe-Full- 
Wave  Analysis,"  IEEE  Trans.  Inst.  Meas.  44,  No.  1,  February  1995,  pp  19-27. 

3.  R.  Herrington,  Time-Harmonic  Electromagnetic  Fields,  McGraw-Hill,  1961. 

4.  J.  Baker-Jarvis,  M.  Janezic,  J.  Grosvenor,  Jr.,  and  R.  Geyer,  Transmission/ 
Reflection  and  Short-Circuit  Line  Methods  for  Measuring  Permeability,  National 
Institute  of  Standards  and  Technology  (NIST)  Technical  Note  1355-R, 
December  1993. 


9 


Distribution 


Admnstr 

Defns  Techl  Info  Ctr 
Attn  DTIC-OCP 

8725  John  J  Kingman  Rd  Ste  0944 
FT  Belvoir  VA  22060-6218 

Advncd  Rsrch  Proj  Agcy 
Attn  DSO  B  Hui 
3701  N  Fairfax  Dr 
Arlington  VA  22203 

HQ 

Dfns  Nuc  Agcy 
Attn  RAEE  G  Baker 
Attn  RAEE  ETC  M  Lynch 
6801  Telegraph  Rd 
Alexandria  VA  22310-3398 

Ofc  of  the  Secy  of  Defs 
Attn  ODDRE/R  &  AT-ET  S  Gontarek 
The  Pentagon 
Washington  DC  20301 

Army  Matl  Comnd 
Attn  AMCRD-AR  J  Aveta 
5001  Eisenhower  A ve 
Alexandria  VA  22333-0001 

HQ,  Dept  of  the  Army 
Dep  Chf  of  Staf  Oprs  &  Pins 
Attn  DAMO-FDI  LTC  R  Morton 
Room  2C536  The  Pentagon 
Washington  DC  20310-0460 

Ofc  of  the  Assist  Scy  of  the  Army  for  Rsrch 
Dev  &  Acqstn 

Attn  SARD-TT  Dr  F  Milton 
Attn  SARD-TT  C  Nash 
Rm  3E479  The  Pentagon 
Washington  DC  20310-0103 

US  Army  CECOM 

Attn  AMSEL-RD-NV-ADS-SP  R  Irwin 
Attn  AMSEL-RD-NV-ADS-SP  R  Torisio 
FT  Monmouth  NJ  07703-5206 


US  Army  BRDEC 

Attn  STRBE-NA  R  Weaver 

FT  Belvoir  VA  22060-5606 

US  Army  CECOM  Intllgnc/Elect  Warfare 
Drctrt 

Attn  AMSEL-RD-IEW-SPO  D  Helm 
Vint  Hill  Farm  Sta 
Warrenton  VA  22186-5100 

Comdt 

US  Army  Infantry  Schl 
Attn  ATSH-CD-E  K  Sines 
FT  Benning  GA  31905-5400 

Cmdr 

US  Army  Matl  Cmnd 
Attn  AMCAQ-AP  J  Kreck 
5001  Eisenhower  Ave 
Alexandria  VA  22333-0001 

US  Army  Mis  Cmnd 
Attn AMSMI-RD-WS-UB  RD  Barber 
Attn  AMSMI-RD-WS-UB  D  Holder 
Redstone  Arsenal  AL  35898-5000 

US  Army  Night  Vision  &  Electronic  Sensor 
Attn  AMSEL-RD-NV-ADS-SP  M  Kovach 
FT  Monmouth  NJ  07703-5206 

US  Army  Prgm  Mgr — Firefmder 
Attn  SFAE-IEW-FF  A  Dirienzo 
FT  Monmouth  NJ  07703-5305 

Cmdr 

US  Army  Sp  &  Strtgc  Defns  Comnd 
Attn  CSSD-AT-C  I  Merritt 
Attn  CSSD-EC-E  R  Berg 
PO  Box  1500 
Huntsville  A1  35807-3801 

US  Army  TRADOC 
Attn  ATCD-G  J  Gray 
FT  Monroe  VA  23651 


11 


Distribution 


Nvl  Rsrch  Lab 

Attn  Code  4650  T  Andreadis 
Attn  Code  4650  T  Wieting 
4555  Overlook  Avenue  SW 
Washington  DC  20375-5000 

Sp  &  Nav  Warfare  Systs  Comnd 
Attn  SPAWAR  332  J  Albertine 
245 1  Crystal  Park 
Arlington  VA  22245-5200 

US  Air  Force 

Rome  Lab 

Attn  ERPT  T  Pesta 

Griffiss  AFB  NY  13441-5700 

Depart  of  the  Air  Force 
US  Air  Force  Phillips  Lab 
AttnPLAVS  WL  Baker  Bldg  413 
Attn  PLAVSH  H  Dogliani 
AttnPLAVSH  M  Harrison 
Attn  PLAVSH  S  Mason 
AttnPLAVSH  W  Snyder 
Attn  PLAVSM  P  Vail  Bldg  909 
3550  Aberdeen  Ave  SE 
Kirtland  AFB  NM  87117-5776 

Cmdr 

Wright  Rsrch  Dev  Ctr 

Attn  WRDC/ELM  T  Kemerley 

Bldg  620  Area  B 

Wright  Patterson  AFB  OH  45433-7408 

Lawrence  Livermore  Natl  Lab 
Attn  L-86  H  S  Cabayan 
PO  Box  808 
Livermore  CA  94550 

IITRI 

Electromagnetic  Computability  Anlys  Ctr 
Attn  J  Weidner 
1 85  Admiral  Cochrane  Dr 
Annapolis  MD  21402 


Jaycor 

Attn  W  Crevier 
3700  State  Stret  Ste  300 
Santa  Barbara  CA  93105 

Mssn  Rsrch  Corp 
Attn  J  McAdoo 
AttnM  Bollen 
8560  Cinderbed  Rd 
Newington  VA  22122 

Sci  Applications  Intmtl  Corp 
Attn  MS  2-3-1  G  Bergeron 
1710  Goodridge  Dr 
McLean  V  A  22102 

SRI  Intmtl 
Attn  G  August 
333  Ravenswood  Ave 
Menlo  Park  CA  94025 

Teledyne  Brown  Engrg 
Attn  R  E  Lewis 
Cummings  Research  Park 
Huntsville  AL  35807-7007 

US  Army  Rsrch  Lab 
AttnAMSRL-WT  I  May 
AttnAMSRL-SL  J  Wade 
Attn  AMSRL-WT  J  Rocchio 
AttnAMSRL-WT  G  Klem 
Attn  AMSRL-SL-I  D  Bassett 
Bldg  433 

Aberdeen  Proving  Ground  MD  21005-5001 

US  Army  Research 

Attn  AMSRL-SL-EA  G  Mares 

Attn  AMSRL-SL-EA  J  Palomo 

White  Sands  Missile  Range  NM  88002-5513 

US  Army  Rsrch  Lab 

Attn  AMSRL-EP-IA  E  Baidy 

Attn  AMSRL-EP-M  V  Gelnovatch 


12 


Distribution 


US  Army  Rsrch  Lab  (cont’d) 

Attn  AMSRL-EP-RA  E  Hakim 
Attn  AMSRL-SL-EI  J  Nowak 
FT  Monmouth  NJ  07703 

US  Army  Rsrch  Lab 
Attn  AMSRL-IS-TA  C  Glenn 
Attn  AMSRL-OP-SD-TA  Mail  &  Records 
Mgmt 

Attn  AMSRL-OP-SD-TL  Tech  Library 
(3  copies) 

Attn  AMSRL-OP-SD-TP  Tech  Pub  (5  copies) 


US  Army  Rsrch  Lab  (cont’d) 

Attn  AMSRL-SE-RU  J  McCorkle 
Attn  AMSRL-WT-N  E  Scannell 
Attn  AMSRL-WT-NA  RA  Kehs 
Attn  AMSRL-WT-NF  L  Jasper 
Attn  AMSRL-WT-NF  R  Kaul 
Attn  AMSRL-WT-NF  R  Tan  (10  copies) 
Attn  AMSRL-WT-NF  T  Bock 
Attn  AMSRL-WT-NH  G  Huttlin 
Attn  AMSRL-WT-NH  J  Corrigan 
Adelphi  MD  20783-1197 


13 


